In addition to its known effects on keratinocyte proliferation and differentiation, the hormonal form of vitamin D, 1,25-dihydroxyvitamin D 3 (1,25(OH) 2 D 3 ), has been shown to protect keratinocytes from UV-and chemotherapy-induced damage. Epidermal keratinocytes contain both the machinery needed to produce 1,25(OH) 2 D 3 and vitamin D receptors. The activation of the stress-activated protein kinases (SAPKs), such as c-Jun N-terminal kinase (JNK) and p38, is an early cellular response to stress signals and an important determinant of cell fate. This study examines whether modulation of these SAPKs is associated with the effects of 1,25(OH) 2 D 3 on keratinocytes under stress. HaCaT keratinocytes were exposed to heat shock, hyperosmotic concentrations of sorbitol, the epidermal growth factor receptor tyrosine kinase inhibitor AG1487, the pro-inflammatory cytokine tumor necrosis factor , and H 2 O 2 . These stresses activated both SAPKs. Pretreatment with 1,25(OH) 2 D 3 inhibited the activation of JNK by all stresses and the activation of p38 by heat shock, AG1478 and tumor necrosis factor . Under the same conditions, treatment with 1,25(OH) 2 D 3 protected HaCaT keratinocytes from cytotoxicity induced by exposure to H 2 O 2 and hyperosmotic shock. The effect of 1,25(OH) 2 D 3 was dosedependent, already apparent at nanomolar concentrations, and time-dependent, maximal after a 24-h pre-incubation. We suggest that inhibition of SAPK activation may account for some of the well-documented protective effects of 1,25(OH) 2 D 3 on epidermal cells during exposure to UV or chemotherapy and may also be related to the anti-inflammatory actions of the hormone in skin.
Introduction
Being the barrier between the individual and the environment, the skin prevents entry of micro-organisms, blocks radiation and prevents water loss. Epidermal cells are regularly exposed to marked variations in ambient temperature, environmental stressors that affect the cellular redox state and osmotic balance, and to physiological stressors such as inflammatory cytokines. Epidermal keratinocytes contain the machinery needed to produce the hormonal form of vitamin D, 1,25-dihydroxyvitamin D 3 (1,25(OH) 2 D 3 ) from its initial precursor 7-dehydrocholesterol (Lehmann et al. 2000 , Schuessler et al. 2001 . These cells also contain the nuclear vitamin D receptor that mediates the effects of the hormone on keratinocytes (Bikle & Pillai 1993) . It is reasonable to assume that 1,25(OH) 2 D 3 is a paracrine and autocrine agent in the epidermis and that its local concentration may exceed the circulating concentration by far (Schuessler et al. 2001) . Recent evidence suggests that vitamin D and its active analogs exert a protective effect on keratinocytes under stress. For instance, 1,25(OH) 2 D 3 reduced chemotherapy-induced apoptosis in growing hair follicles (Schilli et al. 1998) and protected epidermal keratinocytes from UV-and doxorubicin-induced cell death (Hanada et al. 1995 , Lee & Youn 1998 , Mason & Holliday 2000 .
The stress-activated protein kinases (SAPKs), c-Jun N-terminal kinase (JNK) and p38, play a major role in the cellular response to environmental and physiological stresses. The SAPK pathways are activated by UV irradiation, oxidative, osmotic and heat stresses and also by physiological stresses such as growth factor deprivation and exposure to pro-inflammatory cytokines (Xia et al. 1995 , Kyriakis & Avruch 1996 . Activation of JNK and p38 results in activation of various transcription factors such as c-Jun, ATF2, Elk1 and CHOP (Ip & Davis 1998 , Kyriakis 1999 and in modulation of the activity of major regulatory proteins such as Bcl2 (Yamamoto et al. 1999 ), p53 (Fuchs et al. 1998 ) and the downstream protein kinases MAPKAP-K2 and MAPKAP-K3 (McLaughlin et al. 1996, Tan et al. 1996) . The outcome of SAPK activation would depend on the cell type, cellular context and the nature of the specific stressor responsible for the stress response. The activation of JNK and/or p38 was shown in various cellular systems to lead to cell cycle arrest and cell death (Yang et al. 1997 , Basu & Kolesnick 1998 , Ip & Davis 1998 , Jarpe et al. 1998 , Turner et al. 1998 , Daly et al. 1999 , Leppa & Bohmann 1999 , Nagata & Todokoro 1999 . Pertinent to this study is the recent report of the involvement of p38 in UV radiation-induced apoptosis in keratinocytes (Assefa et al. 2000) .
This study was undertaken to assess the notion that modulation of the SAPK cascades is associated with the protective effects of 1,25(OH) 2 D 3 on keratinocytes under stress.
Materials and Methods

Materials
Tissue culture media were from Gibco BRL, Grand Island, NY, USA, tissue culture dishes were from Corning Glass Works, Corning, NY, USA and fetal calf serum (FCS) was from Beit Haemek Industries, Beit Haemek, Israel. 1,25(OH) 2 D 3 was from Hoffmann-LaRoche, Nutley, NJ, USA (a gift from Dr M Uskokovic). Human recombinant tumor necrosis factor (TNF ) was from PeproTech Inc., Rocky Hill, NJ, USA. Tyrphostin AG1478 was a gift from Professor A Levitzki, The Hebrew University, Jerusalem, Israel. Rabbit anti c-Jun N-terminal kinase polyclonal antibody recognizing JNK1 and JNK2 isoforms and the mouse monoclonal antibody against dually phosphorylated p38 were from Sigma Chemical Co., St Louis, MO, USA. Rabbit anti p38 polyclonal antibody was from New England BioLabs, Beverly, MA, USA and the monoclonal antibody to the dually phosphorylated JNK was from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA. Peroxidaseconjugated secondary antibodies, goat anti-rabbit IgG and goat anti-mouse IgG, were from Sigma Chemical Co. and Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA respectively. Bovine serum albumin fraction V was from ICN Biomedicals, Inc., Costa Mesa, CA, USA. All other reagents were of analytical grade.
Cell culture
The human keratinocyte cell line, HaCaT, was kindly provided by Professor N Fusenig, German Cancer Research Center, Heidelberg, Germany. Cells were maintained in minimal essential medium containing 0·075 mM Ca 2+ (MEM-75) and 10% FCS in 5 cm Petri dishes and subcultured every 3-4 days.
SAPK activation
Experiments were initiated by seeding 500 000 cells/dish in 5 cm Petri dishes in MEM-75 containing 10% FCS. Twenty-four hours after plating, the medium was replaced with MEM-75 containing albumin (0·5 mg/ml) without serum and treated with 1,25(OH) 2 D 3 . Ethanol, the vehicle for 1,25(OH) 2 D 3 , was added to control cultures and its concentration never exceeded 0·06%. Culture medium was replaced with fresh MEM-75 containing albumin (0·5 mg/ml) and HEPES (20 mM) and cultures were equilibrated at 37 C for 30 min before exposure to stressors. Cells were then exposed to high temperature, sorbitol, H 2 O 2 , TNF or AG1478 and harvested immediately after treatment.
Western blot analysis
Cell extracts were prepared by scraping cells with a rubber spatula into SDS sample buffer and boiling for 15 min. Samples were centrifuged before electrophoresis and subjected to SDS-PAGE under reducing conditions using 10% polyacrylamide gels (20 µg protein/lane). Proteins were transferred to nitrocellulose membranes and probed with the antibodies to JNK, p38 or to the dually phosphorylated enzymes. Detection was carried out by horseradish peroxidase-conjugated goat anti-mouse and antirabbit antibodies and enhanced chemiluminescence (Ravid et al. 1994) . Protein content of cell extracts in sample buffer was measured by the method of Minamide & Bamburg (1990) . Densitometry of electropherograms was carried out by means of a soft laser scanning densitometer (SLR-2D/1D; Biomed Instruments Inc., Fullerton, CA, USA).
Assessment of H 2 O 2 and sorbitol-induced cytotoxicity
Experiments were initiated by seeding 7000 cells/well in 96-well plates in MEM-75 containing 10% FCS. Twentyfour hours after seeding, the medium was replaced with fresh serum-free MEM-75 containing albumin and treated with 1,25(OH) 2 D 3 for 24 h. (Ethanol was added to control cultures and its concentration never exceeded 0·06%.) Cells were then exposed for 1 h at 37 C to sorbitol in the culture medium or to H 2 O 2 in CaCl 2 -and MgCl 2 -containing PBS supplemented with 1 g/l glucose. Cultures were then rinsed with MEM-75 and incubated for an additional 2 h or 24 h period with fresh MEM-75 containing albumin for sorbitol-and H 2 O 2 -treated cultures respectively. Cell number was then assessed by crystal violet (CV) staining, as previously described (Saati et al. 1997) . Percentage cytotoxicity was calculated by the following formula: cytotoxicity (%)=1-(CV staining in treated wells/CV staining in control wells) 100. Control wells contained all the agents present in the treated wells except H 2 O 2 or sorbitol. Control wells to H 2 O 2 -treated cultures were mock-treated with PBS containing CaCl 2 , MgCl 2 and glucose.
Results
We employed HaCaT cells as the experimental model in this study. These immortalized keratinocytes, which retain their ability to differentiate in vivo and in vitro (Boukamp et al. 1988 , Garach-Jehoshua et al. 1998 , are able to proliferate in culture in the absence of serum or any exogenous growth factors (Garach-Jehoshua et al. 1999 ). Under such conditions, their proliferation is entirely dependent upon autocrine activation of the epidermal growth factor receptor (EGFR) (Garach-Jehoshua et al. 1999) . HaCaT cells, in the absence of exogenous mitogens, provide the opportunity to study SAPK activation by stresses and their modulation by 1,25(OH) 2 D 3 in the absence of the confounding effects of the various ingredients necessary to maintain cultures of primary keratinocytes. The experiments described below were therefore performed with autonomously proliferating HaCaT cell cultures in the absence of any exogenous growth factors or active mediators. Exposure to elevated temperatures is one of the stresses often encountered by epidermal cells. HaCaT cells were treated with 1,25(OH) 2 D 3 for 48 h and then exposed to a heat shock of 41 C for 30 min. The levels of dually phosphorylated JNK and p38 were determined in cell extracts by Western blotting. The results are depicted in Figs 1A and 2A. It is apparent that exposure of HaCaT cells to elevated temperature brought about marked activation of both SAPKs. Whereas 1,25(OH) 2 D 3 on its own did not significantly affect the basal activities of JNK or p38 (as can also be seen in Figs 1B-E and 2B-E), pretreatment with the hormone markedly reduced the activation of SAPKs by heat shock. As can be seen in Figs 1F and 2F, the lower cellular levels of the activated SAPKs in 1,25(OH) 2 D 3 -treated cells are not due to decreased enzyme protein levels.
Growth factor depletion is known to cause cell cycle arrest and cell death. These events were shown to be preceded by SAPK activation (Xia et al. 1995) . Under our experimental conditions, proliferation of HaCaT cells depends on autocrine EGFR ligands. Abrogation of their mitogenic activity can be achieved by exposing the cultures to the specific EGFR tyrosine kinase inhibitor, AG1478 (Garach-Jehoshua et al. 1999) . 1,25(OH) 2 D 3 -treated cultures were exposed for 4 h to AG1478 at (F) no exposure to stress. Cell extracts were subjected to Western blot analysis as described in Materials and Methods using antibodies against dually phosphorylated JNK (A-E) and antibodies against JNK protein (F). Each lane represents one of three or more independent cultures. The two prominent bands in A-E at molecular weights of 54 kDa and 46 kDa correspond to type 2 isoforms of JNK1 or JNK2 and to type 1 isoforms respectively. The two additional fainter bands that appear in some of the blots could be other splicing variants of the same proteins (Gupta et al. 1996) . concentrations that abolish EGFR-mediated signaling (Garach-Jehoshua et al. 1999) . As expected and can be seen in Figs 1B and 2B, the treatment with AG1478 resulted in activation of JNK and p38. Pretreatment with 1,25(OH) 2 D 3 prevented the activation of JNK by AG1478 and markedly inhibited that of p38.
Treatment of HaCaT cells with the pro-inflammatory cytokine TNF (10 ng/ml for 15 min) also resulted in activation of JNK and p38 ( Figs 1C and 2C ) and this activation, again, was abrogated by pretreatment with 1,25(OH) 2 D 3 .
Keratinocytes may be subjected to hyperosmotic shock under conditions of dehydration, and whenever the integrity of the epidermal permeability barrier is compromised, resulting in intercellular fluid evaporation. HaCaT cells were exposed to hyperosmotic solutions containing 100-300 mM sorbitol in culture medium. Hyperosmotic shock activated both JNK and p38. Whereas 1,25(OH) 2 D 3 inhibited JNK activation, it did not significantly affect the level of the dually phosphorylated p38.
A similar response pattern can be seen in HaCaT cells treated with a low concentration (100 µM) of H 2 O 2 . Here we saw a mild increase in the level of dually phosphorylated JNK and p38 in peroxide-treated cells. Pretreatment with 1,25(OH) 2 D 3 selectively inhibited JNK but not p38 activation.
The results in Fig. 3A show that the inhibition of TNF -mediated activation of JNK by 1,25(OH) 2 D 3 is time-dependent. No inhibition was observed when cells were treated with 1,25(OH) 2 D 3 0·5 or 6 h before exposure to TNF , while maximal inhibition was observed after 24-h and 48-h pretreatment. Figure 3B shows the dose-dependency of the inhibition of JNK activation by 1,25(OH) 2 D 3 and that the effect of the hormone is already apparent at a concentration of 1 nM.
The results depicted in Fig. 4 show that the antagonism between 1,25(OH) 2 D 3 and the various stresses is also apparent at the level of cell vitality. Here we show that pretreatment of HaCaT cells for 24 h with 1,25(OH) 2 D 3 protected them from the cytotoxic action of two different stressors, H 2 O 2 and sorbitol. The protective action of the hormone was dose-dependent, saturating at 30 nM and already significant at 3 nM (Fig. 4A) .
Discussion
Attention has recently been focused on a novel action of active vitamin D metabolites and analogs in the skin, that of the protection of skin and cultured keratinocytes from the damaging effects of UV radiation and chemotherapy (Hanada et al. 1995 , Lee & Youn 1998 , Schilli et al. 1998 , Mason & Holliday 2000 . The aim of the present study was to explore the possibility that the protective action of 1,25(OH) 2 D 3 is associated with modulation of the signaling network that determines cell fate under conditions of stress. Major pathways in this network are the JNK and p38 SAPK cascades.
Using the HaCaT cell line as the experimental system, we have shown that pretreatment of keratinocytes with 1,25(OH) 2 D 3 markedly and consistently inhibited the activation of SAPKs in response to a variety of stresses. The finding that 1,25(OH) 2 D 3 inhibited the cellular response to a wide spectrum of stresses encountered by keratinocytes in vivo suggests that this action of the hormone may be relevant under physiological and pathological situations that have not been explored so far: fluctuations in ambient temperature to which skin cells are often exposed were represented by heat shock treatment; immune cytokines to which keratinocytes are exposed in the course of wound healing, infection and other inflammatory conditions (Kondo & Sauder 1995 , Moulin 1995 , Bonifati & Ameglio 1999 were represented by exposure to TNF ; and elevated osmotic pressure, encountered during dehydration and due to impairment of the skin permeability barrier, was mimicked by exposure to hyperosmotic concentrations of sorbitol. The skin is also exposed to reactive oxygen species secreted by infiltrating activated macrophages and neutrophils in the course of inflammation, generated during exposure to UV radiation, and as a result of ischemia reperfusion. The latter situation is encountered during chronic pressure ulcer formation (Peirce et al. 2000) and surgery involving skin flaps (Hirigoyen et al. 1995) . The effect of reactive oxygen species was represented in this study by exposure to exogenous H 2 O 2 .
We have shown previously that the autonomous proliferation of HaCaT cells was mediated by autocrine EGFR ligands, and that their mitogenic action could be abrogated by the specific EGFR tyrosine kinase inhibitor AG1478 (Garach-Jehoshua et al. 1999) . 1,25(OH) 2 D 3 prevented the activation of SAPKs in HaCaT cells deprived of the mitogenic action of their autocrine ligands. Since treatment with 1,25(OH) 2 D 3 enhances the efficacy of mitogenic signaling by the autocrine EGFR ligands in HaCaT cells (Garach-Jehoshua et al. 1999) , it was possible that reinforcement of signaling via EGFR that also activates survival pathways (e.g. extracellular signal-regulated kinase (ERK) and PI 3-kinase) accounts for the inhibition of stress-induced activation of SAPKs by 1,25(OH) 2 D 3 . This mechanism can now be ruled out, since the inhibition of SAPKs by 1,25(OH) 2 D 3 also takes place when the activity of EGFR tyrosine kinase is blocked (Figs 1B and 2B) .
Previous reports have shown activation of ERK in keratinocytes within minutes of treatment with 1,25(OH) 2 D 3 (Gniadecki 1996) . This effect was attributed to a fast, non-genomic action of the hormone (Gniadecki 1996) , mediated via putative membrane vitamin D receptors (Norman 1998) . However, the manifestation of the inhibitory effect of 1,25(OH) 2 D 3 on JNK activation required a prolonged incubation with the hormone. No inhibition was observed after a 6-h exposure and the full inhibitory effect was attained only after 24 h. This timecourse is consistent with a mechanism involving modulation of gene expression, usually attributed to the nuclear vitamin D receptor.
The results of this study show that treatment with 1,25(OH) 2 D 3 inhibited the activation of JNK by all stressors examined. In contrast, the activation of p38 was not as uniform, occurring only in three out of the five stresses. These results may suggest that the inhibitory effect of 1,25(OH) 2 D 3 on SAPK activation is due to inhibition of an event shared by the cascades of both JNK and a subgroup of p38 isoenzymes. Indeed, different p38 isoenzymes can be activated by different signaling cascades (Nebreda & Porras 2000) , of which some may overlap with and some may be distinct from those responsible for JNK activation (Ip & Davis 1998) .
Inhibition of SAPK activation by treatment with 1,25(OH) 2 D 3 may be associated with attenuation of the effects on cell fate brought about by the various stresses. This possibility is consistent with our finding that 1,25(OH) 2 D 3 markedly protects HaCaT cells in a dosedependent manner against the cytotoxic effects of both H 2 O 2 and sorbitol. Moreover, the dose-dependency of this effect of 1,25(OH) 2 D 3 is similar to that observed for the inhibition of JNK activation. The effective hormone concentrations are of the order of 10 9 M, higher than the circulating concentrations of 1,25(OH) 2 D 3 . However, such concentrations may well be attained in epidermal cells, the site of autocrine production of 1,25(OH) 2 D 3 (Lehmann et al. 2000 , Schuessler et al. 2001 . These results are consistent with previous findings that the hormone protects epidermal cells in vivo and in vitro from UVinduced damage (Lee & Youn 1998 , Mason & Holliday 2000 and from apoptosis caused by chemotherapy (Hanada et al. 1995 , Schilli et al. 1998 .
The inhibition of SAPK activation by 1,25(OH) 2 D 3 is dependent on the cell context. In human breast cancer cells, the hormone augments the activation of SAPKs by H 2 O 2 (Ravid et al. 2000) . This selective action is in line with the in vivo results obtained by Chen et al. (1998) who found that topical treatment with 1,25(OH) 2 D 3 protected mice from alopecia induced by cyclophosphamide treatment while augmenting the effect of the drug against the mammary tumor inoculated in the same mice.
Many of the known outcomes of SAPK activation are mediated through the activation and induction of Jun and Fos family members that together form the AP-1 transcription factor. Recently, much attention has been devoted to the stimulatory effect of AP-1 on the transcription of matrix metalloproteinase genes encoding collagenase, gelatinase and stromelysin. These zinc-dependent proteases appear to be involved in dermal matrix remodeling occurring during inflammation (Holleran et al. 1997) , wound healing (Saarialho-Kere et al. 1993) and UV-induced skin damage (Fisher et al. 1996) . It has been suggested that metalloproteinase-mediated collagen destruction accounts, largely, for the connective tissue damage that occurs in photoaging and during natural skin aging (Varani et al. 2000) . Taken together, the findings of this work provide novel insights into the possible role of locally produced 1,25(OH) 2 D 3 in the protection of the skin against pathogens and environmental assaults. In addition, our findings may suggest novel pharmacological interventions with potent vitamin D analogs under situations, like skin aging, that have not so far been explored.
